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Edited by Francesc PosasAbstract The Saccharomyces cerevisiae monothiol glutare-
doxin Grx5 participates in the mitochondrial biogenesis of
iron–sulfur clusters. Grx5 homologues exist in organisms from
bacteria to humans. Chicken (cGRX5) and human (hGRX5)
homologues contain a mitochondrial targeting sequence, suggest-
ing a mitochondrial localization for these two proteins. We have
compartmentalized the Escherichia coli and Synechocystis sp.
homologues, and also cGRX5 and hGRX5, in the mitochondrial
matrix of a yeast grx5 mutant. All four heterologous proteins
rescue the defects of the mutant. The chicken cGRX5 gene was
signiﬁcantly expressed throughout the embryo stages in diﬀerent
tissues. These results underline the functional conservation of
Grx5 homologues throughout evolution.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Glutaredoxin; Iron–sulfur cluster; Mitochondria;
Redox regulation; Glutathione1. Introduction
Iron–sulfur (Fe–S) clusters are involved in essential pro-
cesses such as respiration, photosynthesis and nitrogen ﬁxation
[1,2]. They also act as oxidative stress sensors associated with
transcription regulators, or carry out a purely structural role
as protein cysteine ligands [2]. Their formation in vivo requires
the sequential participation of a complex set of proteins. In
bacteria these are located at the cytosol. Although some debate
still exists, it seems that in eukaryotic cells Fe–S cluster biogen-
esis mostly, if not exclusively, occurs at the mitochondrial ma-
trix [3–6]. The importance of Fe–S clusters is illustrated by the
existence of three diﬀerent biosynthetic systems for them in
bacteria. Of these, the Isc system is widely present among bac-
terial groups and participates in the formation of Fe–S clusters
for a broad spectrum of proteins.
Most components of the Isc system have homologues in the
yeast Saccharomyces cerevisiae and other eukaryotes. In S.Abbreviations: Grx, glutaredoxin; GSH, reduced glutathione; ORF,
open reading frame; t-BOOH, tert-butyl hydroperoxide; Trx, thiore-
doxin
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doi:10.1016/j.febslet.2006.03.037cerevisiae, Fe–S clusters are assembled at the mitochondrial
matrix independently of their ﬁnal destination at the cytosol,
nucleus or the mitochondria [3,5]. A complex formed by the
Isu1 and Isu2 proteins acts as a scaﬀold upon which the clus-
ters are assembled [7]. Once formed, the transfer of the Fe–S
complex from the Isu1/Isu2 scaﬀold to the apoprotein requires
the participation of a number of proteins, among them the
monothiol glutaredoxin Grx5 [7,8]. Glutaredoxins are thiol
transferases that employ reduced glutathione (GSH) as a sub-
strate and catalyze glutathionylation and deglutathionylation
reactions on cysteinyl groups in proteins [9,10]. According to
the presence of two or one cysteine residue at the glutaredoxin
active site, they have been divided into two categories: dithiol
and monothiol glutaredoxins, respectively [11]. Dithiol glutare-
doxins catalyze the reduction of thiol disulﬁdes involving two
cysteinyl groups and also of mixed disulﬁdes between a protein
cysteine residue and a GSH group (14). In contrast, the mono-
thiol glutaredoxin mechanism of action exclusively involves
the deglutathionylation of mixed disulﬁdes [12]. In S. cerevisiae
two dithiol glutaredoxins coexist (Grx1 and Grx2) plus three
monothiol glutaredoxins (Grx3, Grx4 and Grx5) [13,14]. In
the absence of mitochondrial Grx5, yeast cells are unable to
maturate Fe–S proteins and consequently do not carry out
respiratory metabolism. Furthermore, they accumulate intra-
cellular iron and are hypersensitive to stress by external oxi-
dants [8,13]. Grx3 and Grx4 are located at the nucleus and
probably carry out diﬀerent functions to Grx5 [15,16].
Both dithiol and monothiol glutaredoxins exist in many aer-
obic bacterial species and in lower and higher eukaryotes [17–
20]. Analysis of the human genome reveals the existence of a
gene coding for a single domain protein homologous to yeast
Grx5 (hGRX5). A similar situation occurs in chicken and other
multicellular eukaryotes, where the existence of Grx5 homo-
logues has also been revealed from genomic sequencing. De-
spite their widespread presence throughout the evolutive
scale, few functional studies exist on both prokaryotic and
eukaryotic monothiol glutaredoxins, other than those on yeast
Grx5. The parasite Plasmodium falciparum contains a glutare-
doxin with structure and enzymatic characteristics similar to
those of yeast Grx5, although its function is currently un-
known [21]. The yeast Grx5 homologue in Escherichia coli,
named Grx4, has recently been described as an essential pro-
tein that lacks in vitro activity on substrates characteristic of
dithiol glutaredoxins [22]. A recent report demonstrates the
role of the zebra ﬁsh Grx5 homologue in Fe/S cluster synthesis
and heme formation, its absence causing hypochromicblished by Elsevier B.V. All rights reserved.
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the ability of various diﬀerent prokaryotic and eukaryotic
monothiol Grx proteins to substitute the biological function
of S. cerevisiae Grx5. Our results show that diverse monothiol
glutaredoxins can carry out the function of Grx5 in yeast mito-
chondria, therefore supporting the functional conservation of
this family of proteins.2. Materials and methods
2.1. Strains and plasmids
S. cerevisiae strains are described in Table 1. Plasmid pMM221 [16]
contains the sequence coding for the mitochondrial targeting signal of
Grx5 followed by a polylinker region and a 3HA/His6 tag, under the
control of the doxycycline-regulatable tetO2 promoter [24]. Plasmid
pMM227 contains the S. cerevisiae GRX3 gene cloned in pMM221,
in frame with the upstream and downstream coding sequences present
in the vector [16]. Plasmid pMM509 contains the coding sequence of
E. coli Grx4 from aa +2 to the last coding nucleotide, that was cloned
between the NotI and BglII sites of the pMM221 polylinker, in frame
with the Grx5 mitochondrial targeting sequence and the 3HA/His6 tag
of the vector. Plasmid pMM521 contains the Synechocystis sp. GrxC
coding sequence from aa +1 to the last coding nucleotide, PCR-ampli-
ﬁed from a pQE80-derived clone containing the entire GrxC ORF (a
gift from F.J. Florencio, University of Sevilla). It was subcloned be-
tween the NotI and PmeI sites of pMM221. cDNA coding for the hu-
man homologue of yeast Grx5 (hGRX5) was from the American Type
Culture Collection (IMAGE clone no. 6066312, from a human testis
cDNA library). The region coding from aa +32 to the last coding
nucleotide was subcloned between the NotI and PmeI sites of
pMM221, in frame with adjacent coding sequences in the vector,
resulting plasmid pMM540. cDNA coding for the chicken Grx5 homo-
logue (cGRX5) was ampliﬁed from chicken liver RNA (a gift from R.
Soler, University of Lleida), from the ﬁrst codon to the stop codon,
and cloned in pBluescript SK+ (plasmid pMM626). The coding se-
quence from aa +33 to the last nucleotide preceding the stop codon
was then subcloned into pMM221, using the NotI and PmeI polylinker
sites, in frame with adjacent coding sequences of the vector, resulting
plasmid pMM636. Plasmid pMM54 [8] contains a GRX5-3HA con-
struction under its own promoter.2.2. Growth conditions
S. cerevisiae cells were grown as described in Ref. [16]. Expression
from the tetO2 promoter was modulated with diﬀerent doxycycline
concentrations. Samples for further analyses were taken from cells
growing exponentially at 30 C for at least 10 generations.Table 1
Strains employed in this work
Strain Relevant phenotype
W303-1A MATa ura3-1 ade2-1 leu2-3,112 trp1-1 his3-11,15
W303-1B As W303-1A but MATa
MML100 MATa grx5::kanMX4
MML235 MATa [pMM54(GRX5-3HA)]::LEU2
MML240 MATa grx5::kanMX4 [pMM54(GRX5-3HA)]::LE
MML241 MATa grx5::kanMX4 [pMM54(GRX5-3HA)]::L
MML289 MATa grx5::kanMX4
MML443 MATa [pMM227(GRX3-3HA)]::LEU2
MML454 MATa grx5::kanMX4 [pMM227(GRX3-3HA)]::L
MML455 MATa grx5::kanMX4 [pMM227(GRX3-3HA)]::L
MML673 MATa [pMM509(grx4-3HA)]::LEU2
MML681 MATa [pMM521(grxC-3HA)]::LEU2
MML706 MATa grx5::kanMX4 [pMM521(grxC-3HA)]::L
MML707 MATa grx5::kanMX4 [pMM521(grx4-3HA)]::LE
MML725 MATa [pMM540(hGRX5-3HA)]::LEU2
MML731 MATa grx5::kanMX4 [pMM540(hGRX5-3HA)]:
MML760 MATa [pMM636(cGRX5-3HA)]::LEU2
MML771 MATa grx5::kanMX4 [pMM636(cGRX5-3HA)]::2.3. In Silico analysis
Yeast Grx5 homologues were searched using BLASTP (NCBI,
www.ncbi.nlm.nih.gov/BLAST). Multiple protein sequence alignments
were done with ClustalW [25] (European Bioinformatic Institute tools,
www.ebi.ac.uk). The MITOPROT program [26] was employed to pre-
dict mitochondrial targeting sequences and cleavage sites.
2.4. In situ hibridization
Paraformaldehyde-ﬁxed samples were cryoprotected with 20% su-
crose at 4 C. Cryostat sections (16 lm-thick) were mounted on silane
coated slides air-dried and stored at 80 C. A plasmid derived from
pBluescript SK+ that contained the cGRX5 ﬁrst exon coding sequence
(directionally cloned between the HindIII–BamHI vector sites) was
used to synthesize the antisense and sense (control) riboprobes, in
the presence of dig RNA labelling mix digoxigenin UTP (Roche,
Mannheim, Germany). Further steps were carried out by standard
procedures [27]. Embryos were staged according to the Hamburger
and Hamilton stage series [28].
2.5. Other methods
Mitochondria were puriﬁed and subfractionated [29] from exponen-
tial yeast cultures in lactate medium. Conditions for Western analyses
were as in Ref. [16]. Standard genetic methods were employed [8,16].
Aconitase and malate dehydrogenase were assayed using the methods
described in Ref. [30]. Enzyme assay extracts from cells growing expo-
nentially in YPGalactose medium were prepared in 0.1 M Tris buﬀer,
pH 8.0, plus protease inhibitors (2 mM phenylmethylsulfonyl ﬂuoride,
0.2 mM tosylsulphonyl phenylalanyl chloromethyl ketone, and 2 lM
pepstatin, ﬁnal concentrations), using glass beads to break the cells.3. Results
Among prokaryotic organisms, most proteobacteria and
cyanobacteria species whose genome has been sequenced con-
tain genes coding for Grx5 homologues [18,19]. In order to
determine whether bacterial homologues of Grx5 were able
to carry out the functions of the yeast protein, we focused
our attention on E. coli Grx4 and Synechocystis sp. GrxC
proteins. E. coli Grx4 is an essential protein whose biological
role remains elusive [22]. Synechocystis sp. GrxC is the only
monothiol glutaredoxin present in this cyanobacterium and
its biological role is also unknown. Homology between yeast
Grx5 and bacterial Grx4 and GrxC extends throughout the
entire protein sequence (Fig. 1), except that Grx5 contains




Integration of linear pMM54 in W303-1B
U2 Ref. [8]
EU2 Spore from a cross MML100 ·MML235
As MML100, but derived from W303-1B
Ref. [16]
EU2 Ref. [16]
EU2 Spore from a cross MML241 ·MML443
Integration of linear pMM509 in W303-1B
Integration of linear pMM521 in W303-1B
EU2 Spore from a cross MML100 ·MML681
U2 Spore from a cross MML100 ·MML673
Integration of linear pMM540 in W303-1A
:LEU2 Spore from a cross MML289 ·MML725
Integration of linear pMM636 in W303-1B
LEU2 Spore from a cross MML100 ·MML760
Fig. 1. Sequence of various diﬀerent monothiol glutaredoxins. ClustalW multiple alignment analysis of the following monothiol glutaredoxins
(SwissProt accession number into parenthesis): S. cerevisiae Grx5 (Q02784), E. coli Grx4 (P37010), Synechocystis sp. GrxC (P73056), Gallus gallus
cGRX5 (Q5ZK23), Homo sapiens hGRX5 (Q86WY3). Asterisks mark positions with identical residues. The conserved active site sequence CGFS is
boxed.
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monothiol glutaredoxin activity [18] is present in the three
proteins.
Bacterial Grx4 and GrxC were expressed in the mitochon-
dria of a yeast Dgrx5 mutant, using pMM221 [16] deriva-
tives. Subfractionation studies indicated that almost the
totality of the Grx4 or GrxC protein expressed in the Dgrx5
cells was targeted to the mitochondria, where it was located
at the matrix, as occurs with yeast Grx5 (Fig. 2A). A minor
proportion of GrxC and a major one of Grx4 at their
respective mitochondrial fractions exhibited a lower electro-
phoretic mobility than expected for mature processed forms.
They probably correspond to non-processed molecules with
the mitochondrial targeting sequence, which nevertheless
are internalized into the matrix mitochondria. These lower
mobility forms are also observed in Western analyses of to-
tal cell extracts (Fig. 2D). Comparing their mobility with
that of mature Grx5 and considering the respective amino
acid lengths of the respective molecules (Fig. 1), this sup-
ports the notion that a fraction of Grx4 and GrxC expressed
in yeast is not processed. E. coli Grx4 partially rescued the
inability of yeast Dgrx5 cells to grow in respiratory condi-
tions (YPD-glycerol medium) (Fig. 2B), while Synechocystis
sp. GrxC rescued the respiratory defects of the mutant with
an eﬃciency comparable to that of nuclear Grx3 glutare-
doxin (Fig. 2B). Bacterial Grx4 and GrxC were almost as
eﬃcient as yeast Grx3 in rescuing the hypersensitivity of a
Dgrx5 mutant to external oxidants such as tert-butyl hydro-
peroxide (t-BOOH) or diamide (Fig. 2C). The ratio of the
activities of the two mitochondrial enzymes aconitase (con-
taining Fe–S clusters) and malate dehydrogenase (without
Fe–S clusters) provides a measure of the eﬃciency of the
Fe–S assembly in mitochondrial proteins [16]. We deter-
mined this ratio in Dgrx5 cells expressing Grx4 or GrxC
in their mitochondria (Fig. 2D). Cyanobacterial GrxC was
more eﬃcient than E. coli Grx4 in its ability to synthesize
active aconitase; in fact, relative aconitase levels in cells
expressing GrxC were almost similar to those in cells
expressing yeast Grx3 at their mitochondria (Fig. 2D).
Switching oﬀ expression of the Grx genes from the tet pro-
moter abolished aconitase activity (Fig. 2D and box). Ma-
late dehydrogenase activity did not signiﬁcantly vary fromone condition to another (data not shown). It is important
to stress that in the absence of doxycycline, that is, in the
same conditions as in the growth pattern experiments shown
in Fig. 2B and C, the levels of both processed and unpro-
cessed Grx4 and GrxC were at least comparable to those
of Grx5 in wild type yeast cells (Fig. 2D, box). To summa-
rize, bacterial monothiol glutaredoxins are able to comple-
ment mutant phenotypes of yeast cells lacking Grx5, with
cyanobacterial GrxC being more eﬃcient in this respect than
E. coli Grx4.
BLASTP search of the human genome revealed the existence
of a gene coding for a putative product that displays a large
degree of homology with S. cerevisiae Grx5 (Fig. 1). The gene
is located at human chromosome 14 (position 14q32.13) and is
called C14orf87 (GenBank Accession No. BC047680). Based
on the homology of its putative product with other monothiol
glutaredoxins with a single Grx domain, the name hGRX5 is
proposed for this gene. Although the hGRX5 protein displays
homology with the PICOT protein which is also present in hu-
man cells, the latter is a monothiol glutaredoxin of the Trx–
Grx type [19,20]. A mitochondrial targeting sequence is pre-
dicted for hGRX5, with a cleavage site after position +31.
We therefore subcloned the hGRX5 cDNA corresponding to
the predicted mature form of the protein in pMM221 and stud-
ied the ability of hGRX5 to rescue the defects of the yeast
Dgrx5 mutant. The human protein was eﬃciently compart-
mentalized in the mitochondrial matrix of the mutant
(Fig. 3A) and in these conditions complemented the defects
of the mutant with respect to: growth under respiratory condi-
tions (Fig. 3B), sensitivity to external oxidants such as t-
BOOH or diamide (Fig. 3C), and synthesis of active aconitase
(Fig. 3D). Malate dehydrogenase levels were similar in all con-
ditions tested (data not shown). These results point to the con-
servation between human hGRX5 and Grx5 regarding their
functionality in the yeast mitochondria.
A similar BLASTP search using yeast Grx5 as bait revealed
the presence of a gene located at chromosome 5 of the chick-
en genome, coding for a Grx5 homologue (named
LOC423440, GenBank Accession No. AJ720261). We pro-
pose calling this gene cGRX5. Its predicted product displays
extensive homology with hGRX5 and also with other mono-
thiol glutaredoxins (Fig. 1). A mitochondrial targeting se-
Fig. 2. Rescue of the S. cerevisiae Dgrx5 mutant defects by the mitochondrial forms of E. coli Grx4 and Synechocystis sp. GrxC. (A) Derivatives of
pMM221 are able to compartmentalize E. coli Grx4 (pMM509, integrated in strain MML673) or Synechocystis sp. GrxC (pMM521, integrated in
strain MML681) in the mitochondrial matrix of S cerevisiae cells. Cells were exponentially grown in lactate medium at 30 C to an absorbance
(600 nm) of about 0.6 before mitochondrial isolation and subfractionation. Strain MML235 expressing a Grx5-3HA construct under its own
promoter [8] was employed as control. TE, total cell extract; MT, mitochondrial fraction; IMS, intermembrane space; MX, matrix; PM, post-
mitochondrial fraction. Twenty micrograms of protein was loaded in the TE lines, and 5 lg was loaded in the other lanes. Anti-HA antibodies were
used in the Western blot analyses to detect the HA-tagged proteins in the respective fractions, whereas anti-lipoic acid antibodies were used to detect
the matrix marker a-ketoglutarate dehydrogenase (a-KGDH). (B) Growth on glucose (YPD plates) or glycerol (YPGly plates), after 3 days at 30 C,
of strains with a chromosomal Dgrx5 background expressing no mitochondrial glutaredoxin (MML289) or the mitochondrial forms of S. cerevisiae
Grx5 (Grx5Sc, MML241), S. cerevisiae Grx3 (Grx3Sc, MML455), E. coli Grx4 (Grx4Ec, MML707) or Synechocystis sp. GrxC (GrxCSy, MML706).
(C) Sensitivity to t-BOOH or diamide of the strains described in (B), after 3 days at 30 C on YPD plates. (D) Ratio between aconitase and malate
dehydrogenase activities in exponential cells at 30 C in YPGalactose medium. The same strains were employed as in (B). Doxycycline was used at the
indicated concentrations in the growth medium to modulate expression from the tetO2 promoter. Values are normalized with respect to strain
MML241 that expresses yeast Grx5 under its own promoter (unit value). Boxed panels: Western blot analyses of HA-tagged Grx in total cell extracts
from the strains expressing the indicated Grx.
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aa +32. Total liver RNA was then used to clone the cDNA
expanding the entire cGRX5 coding sequence plus the stop
codon, without ﬂanking regions. This was followed by sub-
cloning of the region coding for the predicted mature protein
in pMM221. This allowed 3HA tagging plus mitochondrial
matrix targeting of cGRX5 (Fig. 3A). Using the same strat-
egy as above, it was demonstrated that cGRX5 rescues the
defects of the S. cerevisiae grx5 mutant with respect to
growth in glycerol medium, sensitivity to oxidants and the
activity of the Fe/S enzyme aconitase (Fig. 3). However, res-
toration of aconitase levels was not as eﬃcient as in the case
of the human species. Malate dehydrogenase remained at
similar levels in the strains tested (data not shown).Chicken is a useful model to study gene expression during
embryogenesis. We therefore studied cGRX5 mRNA expres-
sion by in situ hybridization using tissues from embryos at dif-
ferent stages of development. Expression was observed at
diﬀerent regions in embryos at stage 24 (4-days-old) (Fig. 4).
In 16-day embryos (stage 42 of development), a strong expres-
sion signal was observed in many tissues. In particular, various
diﬀerent types of nervous system cells (such as motoneurons in
the spinal cord, Purkinje cells in cerebellum and granular cells
in the visual cortex) displayed a strong signal (Fig. 5). Signiﬁ-
cant expression was also observed in muscle, kidney and lung
cells (Fig. 5), in liver and in heart, among other tissues. We
therefore conclude that cGRX5 expression is required in diﬀer-
ent tissue cells during embryogenesis.
Fig. 3. Rescue of the S. cerevisiae Dgrx5 mutant defects by the mitochondrial forms of human hGRX5 and chicken cGRX5. (A) Derivatives of
pMM221 are able to compartmentalize hGRX5 (pMM540, integrated in strain MML725) or cGRX5 (pMM636, integrated in strain MML760) in
the mitochondrial matrix of S. cerevisiae cells. Experimental conditions were as in Fig. 2A. (B) Growth on glucose or glycerol, after 3 days at 30 C,
of strains with a Dgrx5 background expressing no mitochondrial glutaredoxin (MML289) or the mitochondrial forms of S. cerevisiae Grx5 (Grx5Sc,
MML241), S. cerevisiae Grx3 (Grx3Sc, MML455), human hGRX5 (MML731) or chicken cGRX5 (MML771). (C) Sensitivity to t-BOOH or diamide
of the strains described in (B), after 3 days at 30 C on YPD plates. (D) Ratio between aconitase and malate dehydrogenase activities in exponential
cells at 30 C in YPGalactose medium. The same strains were employed as in (B). Doxycycline was used at the indicated concentrations in the growth
medium to modulate expression from the tetO2 promoter. Values are normalized with respect to strain MML241 that expresses yeast Grx5 under its
own promoter (unit value). Boxed panels: Western blot analyses of HA-tagged Grx in total cell extracts from the strains expressing the indicated Grx.
Fig. 4. cGRX5 expression in chick embryos at stage 24 (4 days) by in situ hybridization. (A) Sagittal sections incubated with cGRX5 antisense (upper
panel) or sense (lower panel) riboprobes. (B) Diﬀerent and equivalent regions of both sections photographed at higher magniﬁcation. Upper images
show expression at the level of the meso-metencephalic fold (1), hindbrain (2), tail region with the most marked structure corresponding to the spinal
cord (3), and mesonephros (4). Lower images show staining in the same regions with the sense riboprobe. Scale bars: 1 mm in (A), 0.1 mm in (B).
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Fig. 5. Expression of cGRX5 at late stages of chick embryogenesis. Images were taken from sections of diﬀerent tissues of chick embryos at stage 42
(16 days) of development. Left and right panels correspond, respectively, to samples hybridized with the cGRX5 antisense and sense riboprobes. (A)
Visual cortex with the arrow pointing to granular cells; (B) cerebellum with the arrow pointing to Purkinje cells; (C) spinal cord showing strong
staining in motorneurons; (D) kidney (*) and muscle (**) tissue; (E) lung tissue. Scale bars: 200 lm.
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During Fe–S cluster biogenesis in S. cerevisiae cells, sulfur
atoms are provided by the activity of cysteine desulfurase
(Nfs1) to the Isu1/Isu2 scaﬀold. How iron atoms are recruited
and delivered to Isu1/Isu2 is not well-understood. It has re-
cently been proposed that IscA, the bacterial homologue of
yeast Isa1 and Isa2 proteins [3], could carry out the function
of recruiting iron to the scaﬀold complex [31]. In S. cerevisiae
mitochondria, Grx5 would be required at a step after the for-
mation of the Fe/S clusters on Isu1/Isu2, maybe during inser-
tion of the former into apoproteins [7]. The fact that
overexpression of Isa2 partially suppresses the defects of a
grx5 mutant [8] and that a physical interaction has been de-tected between Grx5 and Isa1 [19] suggest some functional
relationship between Grx5 and the Isa proteins. The speciﬁc
role of Grx5 in the biosynthetic process is not known, although
the requirement for an appropriate redox state of cysteine res-
idues in proteins involved both in the biogenesis of the clusters
on the Isu1/Isu2 scaﬀold and in the transfer of clusters to apo-
proteins seems evident. In vitro observations with components
of the bacterial Isc system support the requirement for speciﬁc
redox conditions for acceptor cysteine residues in the biosyn-
thetic complexes. Thus, E. coli dithiolic glutaredoxins 1, 2
and 3 stimulate insertion of Fe/S clusters into the FNR apo-
protein [32]. Also, delivering iron atoms from the E. coli IscA
protein into the IscU scaﬀold requires the thioredoxin system
[31]. By acting as a deglutathionylation enzyme, Grx5 could re-
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the biosynthetic complex under the oxidant conditions of the
mitochondrial matrix.
The biological role of prokaryotic Grx5 homologues has not
been determined, although extensive studies have been per-
formed in vitro with the essential Grx4 protein of E. coli
[22]. In the present study Grx4 and the Synechocystis sp. GrxC
protein are able to substitute for Grx5 function when compart-
mentalized in the yeast mitochondria. Not all the defects of the
grx5 mutant are however rescued at the same level, cyanobac-
terial GrxC performing better than E. coli Grx4. The increase
in aconitase activity over the mutant basal levels in the cells
expressing the heterologous protein was only about twofold
in the case of Grx4, which could be taken as a measure of
the relative eﬃciency of Fe–S cluster assembly in the apopro-
tein. However, this was suﬃcient to allow signiﬁcant growth
in glycerol medium (which requires the maturation of the
Fe–S Rip1 protein present in the mitochondrial electron car-
rier chain) and resistance to diamide and t-BOOH treatment.
In contrast, Synechocystis sp. GrxC protein and the eukaryotic
homologue hGRX5 made it possible to achieve aconitase lev-
els close to those found in wild type cells, which is indicative of
an eﬃcient complementation of the grx5 defects. Chicken
cGRX5 allowed achieving intermediate aconitase levels. Be-
sides the cysteine residue at the active site, Grx5 contains a sec-
ond cysteine at position 117. Many of the Grx5 homologues
also contain a cysteine residue at an equivalent position. By
site directed mutagenesis, we have shown that C117 is not
essential for the biological activity of Grx5 [18]. Of the proteins
tested in this study, only GrxC lacks that cysteine residue. In
spite of this, this glutaredoxin is able to function at the yeast
mitochondria, conﬁrming the dispensability of the second cys-
teine in vivo.
Overall, the above studies point to a functional conservation
between Grx5 and its bacterial and eukaryotic homologues.
They are in accordance with the demonstration of the role of
the zebra ﬁsh Grx5 homologue in Fe/S cluster synthesis and
heme formation [24], and extend the observations to prokary-
otes. Fe–S assembly mostly, if not totally, occurs at the mito-
chondria in eukaryotes. In accordance with this, primary
sequence analysis predicts a mitochondrial localization for
hGRX5 and cGRX5. Our in situ hybridization experiments
demonstrate that the cGRX5 gene is expressed in a variety of
tissues, particularly in the nervous system, from early stages
of chicken embriogenesis. This is accordance with the situation
in zebra ﬁsh, where the Grx5 homologue is also expressed in a
variety of tissues during embryogenesis [24], and altogether
may reﬂect the importance of Fe/S clusters for functions such
as respiration from early embryo stages. Although our results
do not deﬁnitively prove the universal requirement for a
monothiol glutaredoxin of the Grx type for mitochondrial
Fe–S synthesis, they clearly demonstrate, for all the molecules
tested, their ability to participate in the Fe–S biosynthetic com-
plexes in yeast mitochondria. In other words, no functional
barriers related to low molecular weight monothiol glutare-
doxins have appeared along evolution.Acknowledgments:We thank F.J. Florencio and R. Soler for the gift of
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from the Generalitat de Catalunya (2001SGR00305). M.M.M. was
recipient of a grant from the Generalitat de Catalunya.References
[1] Beinert, H., Holm, R.H. and Mu¨nck, E. (1997) Iron–sulfur
clusters: nature’s modular, multipurpose structures. Science 277,
653–659.
[2] Beinert, H. (2000) Iron–sulfur clusters: ancient structures, still full
of surprises. J. Biol. Inorg. Chem. 5, 2–15.
[3] Balk, J. and Lill, R. (2004) The cells’s cookbook for iron–sulfur
clusters: recipes for fool’s gold. ChemBioChem 5, 1044–1049.
[4] Rouault, T.A. and Tong, W.H. (2005) Iron–sulphur cluster
biogenesis and mitochondrial iron homeostasis. Nat. Rev. Mol.
Cell Biol. 6, 345–351.
[5] Lill, R. and Mu¨hlenhoﬀ, U. (2005) Iron–sulfur-protein biogenesis
in eukaryotes. Trends Biochem. Sci. 30, 133–141.
[6] Johnson, D.C., Dean, D.R., Smith, A.D. and Johnson, M.K.
(2005) Structure, function and formation of biological iron–sulfur
clusters. Annu. Rev. Biochem. 74, 247–281.
[7] Mu¨hlenhoﬀ, U., Gerber, J., Richhardt, N. and Lill, R. (2003)
Components involved in assembly and dislocation of iron–sulfur
clusters on the scaﬀold protein Isu1p. EMBO J. 22, 4815–4825.
[8] Rodrı´guez-Manzaneque, M.T., Tamarit, J., Bellı´, G., Ros, J. and
Herrero, E. (2002) Grx5 is a mitochondrial glutaredoxin required
for the activity of iron/sulfur clusters.Mol.Biol.Cell 13, 1109–1121.
[9] Holmgren, A. (1989) Thioredoxin and glutaredoxin systems. J.
Biol. Chem. 264, 13963–13966.
[10] Fernandes, A.P. and Holmgren, A. (2004) Glutaredoxins: gluta-
thione-dependent redox enzymes with functions far beyond a
simple thioredoxin backup system. Antiox. Red. Sign. 6, 63–74.
[11] Vlamis-Gardikas, A. and Holmgren, A. (2002) Thioredoxin and
glutaredoxin isoforms. Methods Enzymol. 347, 286–296.
[12] Bushweller, J.H., Aslund, F., Wu¨thrich, K. and Holmgren, A.
(1992) Structural and functional characterization of the mutant
Escherichia coli glutaredoxin (C14-S) and its mixed disulﬁde with
glutathione. Biochemistry 31, 9288–9293.
[13] Rodrı´guez-Manzaneque, M.T., Ros, J., Cabiscol, E., Sorribas, A.
and Herrero, E. (1999) Grx5 glutaredoxin plays a central role in
protection against protein oxidative damage in Saccharomyces
cerevisiae. Mol. Cell. Biol. 19, 8180–8190.
[14] Wheeler, G.L. and Grant, C.M. (2004) Regulation of redox
homeostasis in the yeast Saccharomyces cerevisiae. Physiol. Plant.
120, 12–20.
[15] Lopreiato, R., Facchin, S., Sartori, G., Arrigoni, G., Casonato,
S., Ruzzene, M., Pinna, L.A. and Carignani, G. (2004) Analysis of
the interaction between piD261/Bud32, an evolutionarily con-
served protein kinase of Saccharomyces cerevisiae, and the Grx4
glutaredoxin. Biochem. J. 377, 395–405.
[16] Molina, M.M., Bellı´, G., de la Torre, M.A., Rodrı´guez-Manz-
aneque, M.T. and Herrero, E. (2004) Nuclear monothiol glutare-
doxins of Saccharomyces cerevisiae can function as mitochondrial
glutaredoxins. J. Biol. Chem. 279, 51923–51930.
[17] Isakov, N., Witte, S. and Altman, A. (2000) PICOT-HD: a highly
conserved oritein domain that is often associated with thioredoxin
and glutaredoxin modules. Trends Biochem. Sci. 25, 537–539.
[18] Bellı´, G., Polaina, J., Tamarit, J., de la Torre, M.A., Rodrı´guez-
Manzaneque, M.T., Ros, J. and Herrero, E. (2002) Structure–
function analysis of yeast Grx5 monothiol glutaredoxin deﬁnes
essential amino acids for the function of the protein. J. Biol.
Chem. 277, 37590–37596.
[19] Vilella, F., Alves, R., Rodrı´guez-Manzaneque, M.T., Bellı´, G.,
Swaminathan, S., Sunnerhagen, P. and Herrero, E. (2004)
Evolution and cellular function of monothiol glutaredoxins:
involvement in iron–sulfur cluster assembly. Comp. Funct.
Genom. 5, 328–341.
[20] Witte, S., Villalba, M., Bi, K., Liu, Y., Isakov, N. and Altman, A.
(2000) Inhibition of the c-jun N-terminal kinase/AP-1 and J NF-
jB pathways by PICOT, a novel protein kinase C-interacting
protein with a thioredoxin homology domain.. Biol. Chem. 275,
1902–1909.
[21] Deponte, M., Becker, K. and Rahlfs, S. (2005) Plasmodium
falciparum glutaredoxin-like proteins. Biol. Chem. 386, 33–40.
[22] Fernandes, A.P., Fladvad, M., Berndt, C., Andre´sen, C., Lillig,
C.H., Neubauer, P., Sunnerhagen, M., Holmgren, A. and Vlamis-
Gardikas, A. (2005) A novel monothiol glutaredoxin (Grx4) from
Escherichia coli can serve as a substrate for thioredoxin reductase.
J. Biol. Chem. 280, 24544–24552.
2280 M.M. Molina-Navarro et al. / FEBS Letters 580 (2006) 2273–2280[23] Wingert, R.A., Galloway, J.L., Barut, B., Foott, H., Fraenkel, P.,
Axe, J.L., Weber, G.J. and Dooley, K., et al. (2005) Deﬁciency of
glutaredoxin 5 reveals Fe–S clusters are required for vertebrate
haem synthesis. Nature 436, 1035–1039.
[24] Garı´, E., Piedraﬁta, L., Aldea, M. and Herrero, E. (1997) A set of
vectors with a tetracycline-regulatable promoter system for
modulated gene expression in Saccharomyces cerevisiae. Yeast
13, 837–848.
[25] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUS-
TAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-speciﬁc
gap penalties and weight matrix choice. Nucleic Acids Res. 22,
4673–4680.
[26] Claros, M.G. and Vincens, P. (1996) Computational method to
predict mitochondrially imported proteins and their targeting
sequences. Eur. J. Biochem. 241, 770–786.
[27] Casanovas, A., Ribera, J., Hager, G., Kreutzberg, G.W. and
Esquerda, J.E. (2001) c-Jun regulation in rat neonatal motoneu-
rons postaxotomy. J. Neurosci. Res. 63, 469–479.[28] Hamburger, V. and Hamilton, H.L. (1951) A series of normal
stages in the development of the chick embryo. J. Morphol. 88,
49–92.
[29] Diekert, K., de Kroon, A.I.P.M., Kispal, G. and Lill, R. (2001)
Isolation and subfractionation of mitochondria from the yeast
Saccharomyces cerevisiae. Methods Cell Biol. 65, 37–51.
[30] Robinson Jr., J.B., Brent, L.G., Sumegi, B. and Srere, P.A. (1987)
An enzymatic approach to the study of the Krebs tricarboxylic
acid cycle in: Mitochondria: A Practical Approach (Darley-
Usmar, W.M., Rickwood, D. and Wilson, M.T., Eds.), pp. 153–
170, IRL Press, Oxford, UK.
[31] Ding, H., Harrison, K. and Lu, J. (2005) Thioredoxin reductase
system mediates iron binding in IscA and iron delivery for the
iron–sulfur cluster assembly in IscU. J. Biol. Chem. 280, 30432–
30437.
[32] Achebach, S., Tran, Q.H., Vlamis-Gardikas, A., Mu¨llner, M.,
Holmgren, A. and Unden, G. (2004) Stimulation of Fe–S cluster
insertion into apoFNR by Escherichia coli glutaredoxins 1, 2 and
3 in vitro. FEBS Lett. 565, 203–206.
